Pancreatic beta cells are unique among hormone-secreting cells in that their metabolism of glucose and other nutrients plays a dominant role in stimulus-secretion coupling [1, 2] . Metabolic signalling molecules, such as adenine and guanine nucleotides, have several functions, including the inhibition of ATPsensitive potassium channels that trigger increases in the electrical activity of beta cells [3] and provision of energy for exocytosis of insulin [4, 5] . The production of such high-energy compounds in pancreatic beta cells is thought to involve mitochondrial oxidative phosphorylation [reviewed in 6, 7]. In fact, MIN6 cells depleted of mitochondrial DNA do not exhibit glucose-induced insulin secretion as a result of loss of mitochondrial respiratory function [8] .
] m increase induced by ATP decreased more rapidly than that induced by KCl. Nitrendipine (3 mmol/l), a blocker of L-type Ca 2+ channels, inhibited both [Ca 2+ ] c and [Ca 2+ ] m signals in response to KCl and tolbutamide, but not those to ATP. Peak levels of [Ca 2+ ] m increase (around 2 mmol/ l) exceeded those of [Ca 2+ ] c increase (around 500 nmol/l). A rise in glucose concentration from 3 to 30 mmol/l induced oscillations of [Ca 2+ ] c that overlay the sustained increases in [Ca 2+ ] c in single cells. An oscillatory increase in [Ca 2+ ] m was similarly observed in response to glucose. Addition of 10 mmol/l 2-ketoisocaproic acid at 20 mmol/l glucose further increased the plateau level of [Ca 2+ ] c and the frequency of [Ca 2+ ] c oscillations, which were correlated with a further increase in [Ca 2+ ] m . In response to pulsatile exposure to KCl, [Ca 2+ ] c and [Ca 2+ ] m increased synchronously. These data suggest that an oscillatory increase in [Ca 2+ ] m in beta cells, the signal which is thought to be necessary for continuous stimulation of mitochondrial metabolism, is produced synchronously with the [Ca 2+ ] c oscillations. [Diabetologia (1998) 
41: 279±286]
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organic pyrophosphatase, are regulated by Ca 2+ at physiological concentrations ranging from nanomolar to micromolar [9±12] . A study has indicated that the level of NAD(P)H, a product of these enzymes, increases and oscillates in response to glucose [13] , raising the possibility that [Ca 2+ ] m also oscillates in response to glucose. Further, a recent study has shown that glucose-induced insulin secretion coincides with the elevation of both [Ca 2+ ] c and [Ca 2+ ] m [14] . However, the precise relationship between [Ca 2+ ] m and [Ca 2+ ] c in beta cells remains obscure. It is important, therefore, to analyse dynamic changes in [Ca 2+ ] m in combination with [Ca 2+ ] c during exposure to glucose and other insulin secretagogues.
The pancreatic beta-cell line, MIN6, retains the ability to secrete insulin in response to physiological glucose concentrations [15] . Further, the characteristics of glucose transport and metabolism in MIN6 cells closely resemble those of isolated islets [16] ] c made with the two probes, recombinant cytosolic aequorin and fura-2, were reported to be essentially similar, although the peak level of [Ca 2+ ] c is estimated to be lower with fura-2 due to its Ca 2+ -buffering action [19] .
Materials and methods
Cell culture and stable transfection with aequorin. MIN6 cells were grown in Dulbecco's modified Eagle's medium (DMEM: 25 mmol/l glucose) equilibrated with 5 % CO 2 and 95 % air at 37°C. The medium was supplemented with 15 % fetal calf serum, 50 mg/l streptomycin and 75 mg/l penicillin sulphate. The chimeric mitochondrial aequorin cDNA coding for the N-terminal presequence of cytochrome oxidase subunit VIII plus aequorin (Molecular Probes, Eugene, Ore., USA) was subcloned under the chicken beta-actin promoter of the expression vector pCXN [20] , which contains a neomycin phosphotransferase II gene. The resulting expression vector was transfected into MIN6 cells using Lipofectin (Life Technologies Inc., Gaithersburg, MD, USA). Transfectant clones were established by isolating colonies resistant to 500 mg/ml of antibiotic G418 (Geneticin; Life Technologies, Inc.). After selection, independent cellular clones were isolated and expanded. Two clones were strongly positive by Northern analysis of aequorin expression and secreted insulin in response to physiological glucose concentrations. All experiments shown were performed with one ( F 3) of these clones. 4 , 5.0 NaHCO 3 , 10 HEPES-NaOH, pH 7.4; KRB) containing 0.1 % bovine serum albumin (BSA) with 3 mmol/l glucose. The cells were then mounted in a chamber (1.5 ml), placed on the stage of a TMD inverted microscope (Nikon, Tokyo, Japan), and superfused using a peristaltic pump (Watson Marlow, Falmouth, UK) at a rate of 3 ml/min at 37°C with KRB containing 0.1 % BSA with basal (3 mmol/l glucose) or test solutions. The fura-2-loaded cells were excited at 340 nm and 380 nm alternately at 2.5 s intervals, the emission signals at 510 nm were detected by an intensified charge coupled device (ICCD) camera, and the ratio image was produced by an Argus-50 system (Hamamatsu Photonics, Hamamatsu, Japan). The ratio was converted to [Ca 2+ ] c according to a calibration curve obtained from the relationship between free Ca 2+ concentration and the ratio determined in a cytosol-mimicking solution using Ca-EGTA buffer and fura-2 free acid.
Measurement of aequorin luminescence. MIN6 cell transfectants were cultured on glass coverslips as described. Functional aequorin was reconstituted in situ by 4 h incubation with 2.5 mmol/l coelenterazine (Molecular Probes) in the buffer solution and conditions as mentioned for fura-2. Luminescence was measured during perfusion (3.0 ml/min) with KRB containing 0.1 % BSA at 37°C, plus additions as indicated. Emitted light was gathered through the coverslip using a high sensitivity photomultiplier positioned close (5 mm) to the cells in a custom-built chamber (1.5 ml). The photomultiplier output was collected (1 data point/1 s) using a P101 system (Nikon). After application of the stimuli, the cells were disrupted rapidly by perfusion with 200 mmol/l digitonin plus 10 mmol/l CaCl 2 in order to determine the total aequorin content. The background luminescence, measured from the same number of non-transfected cells preincubated with coelenterazine, was less than 1 % of the peak luminescence responses to KCl obtained in the transfected cells, and therefore it was neglected. Data were calibrated according to the equation for model B reported by Allen et al. [22] . We employed the values of parameters from data on recombinant aequorin [19] .
Data analysis. All data are expressed as the mean ± SEM. Analysis was by Student's t-test, with p less than 0.05 taken as statistically significant.
Results
Mitochondrial location of the targeted aequorin. We tested the location of the mitochondrially targeted aequorin by comparing the increase of [Ca 2+ ] c and aequorin signal induced by 22 mmol/l KCl in the presence or absence of the mitochondrial uncoupler, ptrifluoromethoxyphenylhydrasone (FCCP) (Fig. 1 A) . The increase of [Ca 2+ ] c induced by a high concentration of KCl in the presence or absence of 1 mmol/l FCCP was 947 ± 25 nmol/l and 978 ± 37 nmol/l (n = 90, 30 cells in each experiment), respectively. These values did not differ significantly (p = 0.76). In con-trast, the increase in aequorin signal induced by KCl was attenuated when FCCP was present ( Fig. 1 B, C) . The uptake of Ca 2+ into the mitochondrial matrix is catalysed by an electrophoretic uniporter that is driven by the membrane potential component of the proton-motive gradient set up through proton extrusion by the respiratory chain. FCCP abolishes the mitochondrial inner membrane potential and thereby attenuates the driving force for mitochondrial Ca 2+ uptake. Our results indicate, therefore, the mitochondrial location of the targeted aequorin and validates monitoring the aequorin signal as [Ca 2+ ] m [14, 18, 23] . (Fig. 2 C, D) .
In the presence of 3 mmol/l nitrendipine, a blocker of the voltage-sensitive L-type Ca 2+ channel, the [Ca 2+ ] c increase induced by 22 mmol/l KCl and by 0.3 mmol/l tolbutamide was attenuated (Fig. 3 A, B ) and the [Ca 2+ ] m increase in response to these two agents was completely inhibited (Fig. 3 D) ] m concentrations below 300 to 400 nmol/l [19, 22] .
Interestingly, the effect of exogenously applied 0.25 mmol/l ATP on [Ca 2+ ] c was influenced little by the presence of nitrendipine (Fig. 3 C) , and the [Ca 2+ ] m increase evoked by ATP in the presence of nitrendipine was similar in magnitude to that in the absence of the blocker (Figs. 2 C, 3 D) . ] c was observed within 3 min in about 70 % of the cells examined (Fig. 4 A) . Synchronous oscillations overlay the sustained increase in [Ca 2+ ] c . During oscillations, Ca 2+ transients were synchronized among single cells in the confluent state, though there was a small time lag among these cells (Fig. 4 A, inset) ] c changes induced by 30 mmol/l glucose in this pooled sample compared to those in single cells (Fig. 4 B) . The mean amplitude of the [Ca 2+ ] c response to 30 mmol/l glucose was 433 ± 30 nmol/l (n = 120, 30 cells in each experiment) and it was smaller than those elicited by ATP or KCl. The glucose-induced [Ca 2+ ] m increase was also much smaller (1246 ± 64 nmol/l, n = 4) than those elicited by ATP or KCl and remained so for several minutes. The trace of [Ca 2+ ] m during glucose stimulation showed a markedly large oscillation amplitude superimposed on small fluctuations which were observed throughout the experiment (Fig. 4 C) In the presence of 20 mmol/l glucose, addition of 10 mmol/l KIC, a deamination product of leucine that is exclusively metabolized in mitochondria [26, 27], further increased the sustained level of [Ca 2+ ] c and the oscillation frequency in single cells (Fig. 5 A) . However, [Ca 2+ ] c oscillations became obscure in averaged traces from 30 single cells because of the asynchrony of individual oscillations having an increased periodicity (Fig. 5 B) . The level of [Ca 2+ ] m was raised further by KIC from the elevated level induced by glucose, while the fluctuation of ] m during exposure to KIC was similar to that in the pre-stimulation state (Fig. 5 C) ] c caused by pulsatile exposure to KCl were very rapid and the time lag between individual cells was negligible, the time course of [Ca 2+ ] c change in 30 cells was similar to that in single cells (Fig. 6 A, B) . In this situation, [Ca 2+ ] m showed repetitive transients within the same time period as [Ca 2+ ] c (Fig. 6 C) . ] m is suggested to be due to the comsumption of aequorin by the first pulse in highly responsive mitochondria in which Ca 2+ influxed via the mitochondrial inner membrane can bind effectively to the aequorin. Thus, the apparent [Ca 2+ ] m signals evoked by subsequent stimulations were reduced [14] . 
The increase in [Ca

